We discuss the kinetic Sunyaev-Zel'dovich (SZ) contribution to cosmic microwave background (CMB) temperature fluctuations due to the coherent rotational velocity component of electrons within halos. For typical clusters of mass a few times 10 14 M ⊙ , this rotational scattering effect produces a distinct dipole-like temperature distribution with a peak fluctuation of the order a few µK, depending on the rotational velocity and the inclination angle of the rotation axis. This dipole signature is similar to the one produced by lensed CMB towards galaxy clusters, though the lensing contribution spans a larger angular extent than the one due to rotational scattering. The angular power spectrum of tempertature anisotropies produced by the halo rotation is below the fluctuations power associated with the thermal SZ and peculiar velocity kinetic SZ effects. Subject headings: cosmology: theory -cosmic microwave background -large scale structure of universe
INTRODUCTION
In recent years, stimulated by the great advances in the experimental front, theoretical study of secondary anisotropies in the cosmic microwave background (CMB) temperature has been carried out to much lengthy detail. In particular, the thermal Sunyaev-Zel'dovich (SZ) effect (Sunyaev & Zel'dovich 1980) due to the inverse-Compton scattering of CMB photons by hot electrons in galaxy clusters is now well studied (e.g., Carlstrom et al. 1996) . Since the thermal SZ effect bears a distinct spectral signature, with multifrequency data, it is possible to seperate its contribution from others, allowing a detailed study of its properties (Cooray et al. 2000) . Another contribution, the kinetic SZ effect, comes from the peculiar motion of electrons in the rest frame of CMB photons (Sunyaev & Zel'dovich 1980 ). This effect is also known as the OstrikerVishniac effect in the linear regime of density fluctuations (OV; Ostriker & Vishniac 1986) and has been studied both analytically (e.g., Hu 2000) and numerically (e.g., Springel et al. 2001) .
In this letter, we study a possible contribution to the CMB anisotropy from the rotation of halos. In general, galaxy clusters are velocity-dispersion supported and the cluster temperature is related to this dispersion through virial equillibrium. Still, some rotation of the cluster is expected and will contribute to the kinetic SZ effect. As far as we know, in previous analytical calculations, this contribution has not been included. However, we note that this rotational contribution should be present in the total kinetic SZ contribution measured in numerical simulations. Thus, it is also useful to consider if this rotational contribution can partly explain the difference between current analytical results and numerical measurements.
Using information obtained from recent high resolution numerical simulations (e.g., Bullock et al. 2001; Vitvitska et al. 2001) , we estimate the contribution to temperature fluctuations from the coherent rotation of scatterers within galaxy clusters. This rotational contribution produces a distinct dipole-like temperature distribution across each cluster, especially when the spin axis is closely aligned perpendicular to the line of sight.
We discuss the possibility of detecting such a dipole signature for individual clusters. If detected, this may provide us valuable information on the angular momentum distribution of halos. On the other hand, this rotationgenerated dipole could also complicate efforts to detect a similar dipole-like pattern in temperature produced by gravitational lensing of CMB photons by galaxy clusters (Seljak & Zaldarriaga 2000) . Extending our investigation to a distribution of galaxy clusters, we calculate the angular power spectrum of anisotropies produced by randomly oriented rotating halos. We find that the halo rotation make less contribution to the angular power spectrum than the thermal SZ effect and the kinetic effect due to halo peculiar velocities.
In the next section, we calculate the rotational halo contribution to CMB anistropies due to individual clusters. In § 3, we discuss angular power spectrum of temperature fluctuations and conclude with a discussion in § 4. Though we present our derivations for arbitrary cosmology, for the illustration of our results, we take a ΛCDM cosmology with parameters Ω m = 0.35 for the matter density, Ω b = 0.05 for the baryon density, Ω Λ = 0.65 for the cosmological constant, h = 0.65 for the Hubble constant, and a scale-invariant spectrum of primordial fluctuations, normalized to galaxy cluster abundances (σ 8 = 0.9; see, Viana & Liddle 1999) .
ROTATIONAL KINETIC SZ EFFECT
We can write the temperature fluctuations due to the kinetic SZ effect as
where v is the velocity field of electrons with number density n e , τ is the optical depth to scattering and σ T is the 1 Thomson cross-section.
The kinetic SZ effect resulting from the large scale structure has been now well studied (e.g., Hu 2000; Molnar & Birkinshaw 2000; Springel et al. 20001; Cooray 2001; Ma & Fry 2001 and references therein) . In analytical calculations, one usually describes the velocity field of electrons through the peculiar motions associated with large scale structure bulk flows. In this respect, calculations usually involve the linear theory description of the velocity field, which is applicable at large scales. At non linear scales, in addition to peculiar motion, the velocity field of electrons in galaxy clusters is likely to include an additional component due to rotation. Recent high resolution numerical simulations show that the spatial distribution of angular momentum in dark matter halos has a universal profile (see e.g. Bullock et al. 2001 and references therein) . This profile is similar to that of solid body rotation, but saturates at large values for angular momentum. The spatial distribution of angular momentum in most halos (80%) tend to be cylindrical and well-aligned, the spin of a halo is almost independent with the mass of the halo, and does not evolve with redshift except after major mergers. Thus, we shall adopt the simplifying assumption of solid-body rotation for each cluster. This allows us to prescribe halo rotations through a constant angular velocity, ω, for each cluster.
We will also assume that in clusters the baryons are corotating with the dark matter. This assumption should be valid at large radii and beyond a typical cluster core radius for gas where baryons are expected to trace the dark matter. In the inner-most region, rotational velocities of electrons may differ from that of dark matter due to effects related to pressure cut-off. Since near the center, the coherent rotation velocity is small, however, there is no significant contribution to CMB anisotropy. Hence, unlike the case of kinetic SZ effect due to peculiar motion, the (in)validity of assumption related to baryon rotations is unlikely to change the final result significantly.
For an individual cluster at a redshift z with an angular diameter distance d c , we can write the temperature fluctuation as an integral of the electron density, n e (r), weighted by the rotational velocity component, ωr cos(α), along the line of sight. Introducing the fact the line of sight velocity due to rotation is proportional to sine of the inclination angle of the rotational axis with respect to the observer, i, we write
where
Here, θ is the line of sight angle relative to the cluster center and φ is an azimuthal angle measured relative to an axis perpendicular to the spin axis in the plane of the sky. In simplifying, we have introduced the fact that the angle between the rotational velocity and line of sight, α, is such that cos α = d c θ/r. In Eq. 3, R vir is the cluster virial radius and we model the galaxy cluster dark matter distribution as prescribed by Navarro et al (NFW; with a scale radius r s . To describe the baryon distribution in clusters, we make use of the hydrostatic equillibirum to calculate a profile for the gas distribution following Makino et al. (1998) .
To describe the halo rotations, we write the dimensionless spin parameter λ(= J √ E/GM 5/2 ) following Vitvitska et al. (2001) as
where the virial concentration for the NFW profile is c = R vir /r s , J is the total angular momentum, and V 2 c = GM vir /R vir . To relate angular velocity, ω, to spin, we integrate the NFW profile over a cluster to calculate J and write
The functions f (c), g(c) and h(c), in terms of the concentration, follows as
In Bullock et al. (2001; also, Vitvitska et al. 2001) , the probability distribution function for λ was measured through numerical simulations and was found to be well described by a log normal distribution with a mean,λ, of 0.042 ± 0.006 and a width, σ λ of 0.50 ± 0.04. We use the mean value of λ to calculate ω for individual clusters; we also found results based on integrating the exact probability distribution function to be consistent with results based on the mean.
(a) (b) (c) Fig. 2 .-Temperature fluctuations due to galaxy clusters: (a) kinetic SZ effect involving peculiar motion, (b) lensing of CMB primary temperature fluctuations, and (c) the total contribution from kinetic SZ, lensing and rotational velocity. The total contribution leads assymetric dipolar pattern with a sharp rise towards the center. We have not included the thermal SZ effect as its contribution can be separated from these effects, and primary temperature fluctuations, based on its frequency dependence. We use the same cluster as shown in figure 1.
ANGULAR POWER SPECTRUM
In order to calculate the angular power spectrum of temperature fluctuations resulting from the rotational velocities, we make use of a cluster population with a mass function, dn(M, z)/dM , given by the Press-Schechter (PS; Press & Schechter 1974) 
Here, the factor of 2/3 accounts for the random distribution of rotational inclination angles. The function G l accounts for the spherical harmonic transformation of a cluster temperature profile, with a mass M and at a redshift z, produced by the rotational effect. We can write G l as
where a lm are multipole moments following dnT (n)Y m l * (n). Due to the dependence of azimuthal angle, cos φ, in Eq. 2, only m = −1 and +1 contributes to the power spectrum. To calculate multipole moments, we follow Molnar & Birkinshaw (2000) and perform a two-dimensional integration of the cluster profile over associated Legendre polynomials, P m l (cos θ)
Since a l1 = −a l−1 , due to the reality of the temperature fluctuation field, and using P 1 l (cos θ) = (l + 1/2)J 1 [(l + 1/2)θ] with first order Bessel function of the first kind given by J 1 , we can write, in the large l limit,
with the Legendre coefficients given by an equivalent 2-dimensional Fourier transform for a temperature distribution with an azimuthal dependence
Since halos themselves are clustered in their spatial distribution, with a 3-dimensional linear power spectrum of P (k), there is an additional contribution at large angular scales following
where halo biasing, b(M, z), relative to linear theory can be obtained according to the prescription of Mo & White (1996) . This contribution is the so-called two-halo term under the context of halo approach to non-linear clustering, while the former C 
DISCUSSION
In Fig. 1 , we show the temperature fluctuation produced by the rotational component for a typical cluster with mass 5 × 10 14 M ⊙ at a redshift of 0.5. The maximal effect is on the order of ∼ 2.5 µK with a sharp drop towards the center of the cluster due to the decrease in the rotation velocity. As shown, the effect leads to a distinct temperature distribution with a dipole like pattern across clusters. Here, we have taken the cluster rotational axis to be aligned perpendicular to the line of sight; as it is clear, when the axis is aligned along the line of sight, there is no resulting contribution to the SZ kinetic effect through scattering. Additionally, we note that the halo rotations can only contribute to CMB temperature fluctuations through scattering processes. In terms of gravitational redshift related contributions, the momentum associated with the rotational velocity does not contribute to the non-linear integrated Sachs-Wolfe effect as the resuling time-derivatives of the potential fluctuations are zero.
The order of magnitude of this rotational contribution can be understood by estimating the rotational velocity where the effect peaks. In Eq. 5, rotational velocity is ω ∼ 3λV c /R vir with functions depending on the concentration in the order of a few (≈ 2.4 when c = 5). Since the circular velocity for typical cluster is of order ∼ 1500 km s −1 , with R vir ∼ Mpc andλ ∼ 0.04, at typical inner radii of order ∼ 1/5R vir , we find velocities of order ∼ 30 km s −1 . Since, on average, peculiar velocities for clusters are of order ∼ 250 km s −1 , the rotational velocity is lower by a factor of ∼ 8, when compared with the peculiar velocity of the typical cluster. Furthermore, since the kinetic SZ due to peculiar motion peaks in the center of the halo where the density is highest, while the rotational effect peaks away from the center, the difference between maximal peculiar kinetic SZ and rotational kinetic SZ temperature fluctuations is even greater. Note, however, each individual cluster has a different orientation and magnitude of peculiar velocity and rotation, thus the velocity-to-rotation ratio could vary a lot. In favorable cases where the peculiar velocity is aligned mostly across the line of sight, the rotational contribution is important. In Fig. 2 , we show the kinetic SZ effect towards the same cluster due to the peculiar motion and the contribution resulting from the lensed CMB towards the same cluster. The latter contribution is sensitive to the gradient of the dark matter potential of the cluster along the large scale CMB gradient. In this illustration, we haven taken the CMB gradient to be the rms value with 13 µK arcmin −1 following Seljak & Zaldarriaga (2000) . Previously, it was suggested that the lensed CMB contribution can be extracted based on its dipole like signature. Given the fact that the rotational contribution also leads to a similar pattern, any temperature distribution with a dipole pattern across a cluster cannot easily be presecribed to the lensing effect. However, as evident from Figs. 1 and 2, the dipole signature associated with the rotational scattering is limited to the inner region of the cluster while the lensing effect, due to its dependence on the gradient of the dark halo potential, covers a much larger extent. Also, the two dipoles need not lie in the same direction as the background gradient of the primary CMB fluctuations and the rotational axis of halos may be aligned differently. Thus, to separate the lensed effect and the rotational contribution from each other and from dominant kinetic SZ one can consider various filtering schemes (see, discussion in Seljak & Zaldarriaga 2000) . We plan to further discuss separation techniques to extract the lensing contribution in the presence of peculiar and rotational kinetic SZ effects in a future study. In Fig. 2 , we have not included the dominant thermal SZ contribution since it can be separated from other contributions reliably if multifrequency data are available.
Considering the statistical detection of the rotational contribution, we computed the angular power spectrum of temperature ansiotropies. Our results are summarized in Fig. 3 . The solid line shows the angular power spectrum due to the rotational component while the curved labeled "kinetic SZ" is the usual contribution associated with bulk motion of halos (see Cooray 2001 for calculational details). For comparison, we also show the thermal SZ contribution and the lensed CMB contribution. In general, anisotropy power spectrum resulting from rotational contribution is smaller than current estimates of SZ thermal and SZ kinetic power. This conclusion, however, is subjected to the rotational velocity description. Moreover, our spherical halo model may also underestimate this effect because it is quite plausible that fast rotating halos are non-spherical and thus have higher density away from the center. We encourage further numerical work, especially in hydrodynamic simulations, to establish the full extent to which electron rotational velocities within halos may be important as a source of secondary fluctuations in the CMB temperature. Understanding the rotational component is necessary to establish the fully non-linear kinetic SZ effect contributions to CMB temperature fluctuations.
